Introduction
The terahertz (THz) frequency range has been receiving considerable attention recently because of its many applications, such as ultrahigh-speed wireless communications, spectroscopy, and imaging. 1) For these applications, compact and coherent solid-state light sources are important key components. Because the THz range is located between lightwaves and millimeter waves, both optical and electronic devices are being investigated for THz sources. For semiconductor single oscillators, both p-type germanium lasers 2) and recently developed THz quantum cascade lasers 3, 4) are studied from the optical device side. From the electron device side, the development of two-terminal devices such as impact ionization avalanche transit-time (IMPATT) diodes, tunneling transit-time (TUNNETT) diodes, Gunn diodes, and resonant tunneling diodes (RTDs) is being pursued. [5] [6] [7] [8] [9] [10] The cut off frequency and maximum oscillation frequency of transistors are also increasing toward the THz range. [11] [12] [13] Devices based on Bloch oscillation, the plasma effect, and velocity modulation are also being studied for THz oscillators and amplifiers. [14] [15] [16] [17] RTDs have the highest oscillation frequency among the above electron devices. Room-temperature operation, which has not yet been achieved in a single optical device at present, is also an attractive feature. Research of RTDs began with the theoretical prediction by Tsu and Esaki in 1973, 18) and their behavior of negative differential resistance was experimentally demonstrated at liquid nitrogen temperature in 1974 19) and at room temperature in 1985. 20) Oscillation in the microwave range was demonstrated at a low temperature in 1984, 21) and the frequency was updated many times to several hundred GHz. 22) Up to now, fundamental oscillation at 712 GHz 7) and harmonic oscillation at 1.02 THz 10) have been reported. Regarding the structure of the oscillators, RTDs set up in waveguides 7) and those integrated on planar circuits [8] [9] [10] have been studied. The latter has the advantage of the possibility of highdensity integration with various high-frequency devices and circuits. A 64-element arrayed oscillator containing RTDs and its oscillation at 650 GHz have been reported. 8) In this paper, we describe the experiment and theory of RTD oscillators integrated on planar circuits for the sub-THz and THz ranges. The device structure and the characteristics of the fundamental ($650 GHz) and harmonic ($1:02 THz) oscillations in our recent results are given in §2. Oscillation frequency and output power are theoretically analyzed and compared with the measurements in §3. Improved structures for obtaining higher frequency and output power are also discussed, and preliminary experiments on such structures are described. In §4, voltage-controlled oscillation, i.e., the frequency change with bias voltage is discussed, which is useful in practical applications. In §5, mutual injection locking for high output power using the power-combining technique is described. A conclusion is given in §6.
Device Structure and Oscillation Characteristics

Device structure
Figure 1(a) shows the fundamental structure of the RTD oscillator integrated with a planar slot resonator. The RTD is located at the center of a slot in a metal film. This slot forms a standing wave of the electromagnetic field as a resonator, and also acts as an antenna by radiating output power at Invited Review Paper the same time. The RTD is normally composed of two heterobarriers and a quantum well, as shown in Fig. 1(b) . In the current-voltage (I-V) characteristics, a current peak exists at which the resonance level in the quantum well is close to the conduction band edge of the emitter. With increasing voltage above the current peak, the I-V curve exhibits a negative differential conductance region. The oscillator utilizes this region. The equivalent circuit for the structure in Fig. 1(a) is illustrated in Fig. 1(c) . Some of the parasitic elements such as the contact resistance discussed later are neglected here. Oscillation takes place if G d > G L , i.e., the absolute value of the negative differential conductance exceeds the radiation loss of the slot antenna. The oscillation frequency is determined by the parallel resonance of L and C in Fig. 1 (c) corresponding to the standing wave in Fig. 1(a) , where the inductance L is dominantly produced by the antenna, and the capacitance C is produced by the RTD and antenna. The actual structure of the fabricated device is shown in Fig. 2(a) .
9) The electrodes of the RTD are connected to the left and right electrodes of the antenna. At both edges of the antenna, the electrodes are overlapped with a SiO 2 layer between them. Using this structure, reflectors of highfrequency electromagnetic waves are formed, and the separation of DC bias is achieved at the same time. The length of the slot antenna is 10 -50 mm, which determines the oscillation frequency, as shown later. A parallel resistance with a bismuth film is connected outside the antenna electrodes to suppress parasitic oscillation of 2 -3 GHz due to the resonance formed by external circuits including bias supplying lines. The RTD has a GaInAs/AlAs double-barrier structure on a semi-insulating InP substrate, as shown in Fig. 2(b) . Ohmic contacts to the RTD are formed by Au/Pd/Ti electrodes. Details of the layer structure and fabrication process are described in ref. 9 . The peak current density of the RTD for the oscillator is typically 300 -400 kA/cm 2 , and the peak-to-valley current ratio is 3 -4. The area of the RTD is around 2 -4 mm 2 .
Fundamental oscillation
The observations of fundamental and harmonic oscillations for the oscillator mentioned above are described this subsection and the following subsection, respectively. In the measurement, a liquid He-cooled Si composite bolometer was used as a detector and the oscillation spectra were measured by a Fourier transform IR spectrometer. The output power was measured at the bottom side of the substrate through a hemispherical Si lens, because most of the output power is radiated into the substrate side due to its large dielectric constant. 23) Although the detector is calibrated, it should be noted that the measured values of the output power include some errors due to the insufficient alignment of the setup. Although the device oscillates in the cw mode, measurements were made in the pulsed mode with a lock-in technique in order to eliminate surrounding noise. The pulse width and repetition rate are 0.3 mS and 300 Hz, respectively. The change of characteristics with the pulse width was negligibly small. Measured I-V curves are shown in Fig. 3 (a) for some samples before placing the sheet resistors outside the devices shown in Fig. 2(a) . The negative differential resistance (NDR) region is unstable in these curves, and the oscillation is observed around the middle of the NDR region. Figure 3 (b) shows fundamental oscillation spectra for different antenna lengths at room temperature. The oscillation frequency is higher for shorter antenna. Oscillation at 651 GHz was obtained for a 30-mm-long antenna. Almost the same frequency has been reported in a similar structure.
8)
Harmonic oscillation
We observed the harmonic oscillation of an RTD.
10) Figure 4 shows the spectra of harmonic oscillation for the RTD with fundamental oscillation at 342 GHz. In Fig. 4 , the fundamental frequency was eliminated by a metal-mesh high-pass filter (<600 GHz) to avoid spurious spectra at the harmonic frequencies generated in the Fourier spectrometer. As shown in this figure, the third harmonic oscillation at 1.02 THz was observed. To our knowledge, this is the first report that clearly shows oscillation spectra above 1 THz in a single oscillator with an electron device at room temperature, although it is a harmonic oscillation. The output powers are 23 mW at fundamental oscillation and 0.6 mW (2.6% of the fundamental oscillation) at the third harmonic oscillation. The output power can be increased by improving the structure as mentioned later. It may also be possible to investigate the harmonic spectra of other RTD oscillators (e.g., those in Fig. 3 ), if an appropriate high-pass filter cutting off the fundamental oscillation is available. Around the center of the NDR region of the I-V curve, the second harmonic component vanishes while the third harmonic component changes very little 10) due to the symmetry of the I-V curve. The bias dependence and ratio of the power to the fundamental oscillation of the harmonic oscillations are well explained by theoretical analysis based on the van der Pol equation. 10) 3. Theoretical Analysis and Improved Structures 3.1 Analysis of oscillation frequency and output power 3.1.1 Frequency limit due to tunneling and transit times Oscillation characteristics are theoretically analyzed here. The tunneling and transit times, which are the intrinsic factors limiting the oscillation frequency, are discussed in this subsection, and the oscillation condition is derived from these factors and parasitic elements in the next subsection.
The static I-V characteristics of an RTD are approximated by 24) 
where I dc and V dc are the current and voltage at the bias point with the center of the NDR being the origin, and a and b are constants related to the widths of the current and voltage of the NDR region [ÁI and ÁV in Fig. 1 
The instantaneous current for the voltage v ac ðtÞ ¼ V ac cos !t vibrating around the center of the NDR is given by I dc ðv ac Þ, if the tunneling and transit times are neglected. I dc ðv ac Þ includes the fundamental component at ! and the harmonic component at 3!. The fundamental component is written as ÀG d0 Á V ac cos !t, where G d0 is the absolute value of the negative differential conductance without the tunneling and transit times, which is obtained as a function of amplitude V ac as
This result has also been derived from the balance of the average power between the NDR and the load conductance.
24)
The negative differential conductance diverges from that in eq. (2) with increasing ! due to the effect of the tunneling and transit times. Because electrons stay inside the RTD during the tunneling and transit, positive charges are induced on the emitter and collector electrodes. These positive charges increase or decrease as the electrons move from the emitter to the collector, resulting in a current induced along the external circuit connected to the RTD. It is this current that acts as the usual RTD current in a circuit, and it has a delay related to the residence of electrons. For the voltage v ac ðtÞ, this current is given by 9, 25) iðtÞ
where d dep is the thickness of the collector depletion layer; d is the total thickness including the emitter accumulation layer, barriers and well, and d dep , as shown in Fig. 5 ; " is the dielectric constant; and S is the cross-sectional area of the RTD. The injected electrons are assumed to be resident for a time of rtd in the resonant tunneling layers (barriers and well), where the movement is neglected, and then to move to the collector across the depletion layer with saturation velocity v s . The change of d dep with v ac ðtÞ is neglected here. In the limit rtd ! 0 and d dep ! 0, i.e., if the effect of the tunneling and transit times is neglected, the first term of iðtÞ in eq. (3) coincides with I dc ðv ac Þ.
The amplitude of the current component varying as cos !t included in iðtÞ, which is proportional to v ac ðtÞ, is given by 
The absolute value of the negative differential conductance including the effect of the tunneling and transit times is given by ÀI c =V ac , which is calculated from eqs. (1)- (4) as
where dep is the transit time across the collector depletion layer given by d dep =v s . The coefficient of G d0 ðV ac Þ in the right-hand side of eq. (5) expresses the effect of the tunneling and transit times. Although this coefficient is nearly equal to 1 in the low frequency limit (! dep , ! rtd ( 1), it decreases with increasing frequency and reaches 0 at f ¼ !=2 ¼ f c , where
With a further increase of f , G d becomes positive again when f > 3 f c , and repeatedly takes positive and negative values with increasing f , although the peak values of G d in these region are smaller than that in f < f c . This property of G d is equivalent to the transit-time effect utilized in IMPATTs and TUNNETTs. f c is a measure of the intrinsic response frequency of RTDs. dep is estimated to be 33 fs for the structure shown in Fig. 2(b) with v s ¼ 3 Â 10 7 cm/s, and rtd is estimated to be 38 fs 9) by the comparison of capacitance produced due to rtd between the theory [eq. (10) shown below] and the measurement 26) for almost the same structure as that in Fig. 2(b) at the center of the NDR region. f c is estimated from these values to be 4.6 THz.
More exact treatment than eq. (3) may be necessary if rtd ) dep and f $ 1=2 rtd , because rtd is taken into account as a simple delay time of the current in the above analysis. However, because the case rtd ) dep occurs with a negligibly thin depletion layer, the frequency limit is much lower than 1=2 rtd in the present structure due to the effects of the parasitic elements discussed later. The formulation involving rtd in eqs. (3)- (6) is independent of whether the tunneling is sequential or coherent. Various effects in double-barrier structures can also be included in rtd , such as the Coulomb interaction, by which rtd can be longer than the dwell time in the NDR region.
27) The displacement current in the double barrier, which changes the negative differential conductance at high frequency, 27) may also influence rtd equivalently.
Reactance due to tunneling and transit times
The current iðtÞ in eq. (3) has a component proportional to sin !t, in addition to the cos !t component in eq. (4) . The amplitude of this component is given by
This component is equivalently expressed as a reactance connected in parallel with ÀG d . We express this reactance as a capacitance C d given by !C d ¼ I s =V ac . From eqs. (1), (3), and (7),
where C 0 is the geometrical capacitance of the RTD expressed as "S=d, and C rtd is the additional capacitance due to the tunneling and transit delay given by
In the low-frequency limit (! dep , ! rtd ( 1),
C rtd is positive in the NDR region in the low-frequency limit in spite of the result of the phase delay, because it has the same sign as G d . The capacitance due to the carrier accumulation in a well equivalent to the above capacitance has been observed and theoretically analyzed. [27] [28] [29] Negative inductance in the NDR region introduced as a delay in the equivalent circuit 30) is also equivalent to the above capacitance. C d degrades the oscillation characteristics as discussed below.
Frequency limit due to parasitic elements
In addition to the intrinsic limit discussed above, parasitic elements also reduce the oscillation frequency and output power as external limiting factors. Figure 6 shows the equivalent circuit of the RTD oscillator including parasitic elements and the admittance of the antenna. ÀG d and C d are respectively the negative differential conductance and capacitance of the RTD discussed above, R c and C c are the contact resistance and capacitance, respectively, R m is the sum of the RTD mesa resistance and the spreading resistance from the RTD mesa to the bottom electrode, and L m is the inductance of the mesa. Y a is the admittance of the slot antenna.
The RTD connected to the antenna has the admittance of the left-hand side of port 2-2 0 in Fig. 6 . The real part of this admittance, which gives the differential conductance including parasitic elements, is calculated for the RTD in Fig. 2(b) for the small-signal case (V ac ! 0) and is shown as a function of frequency in Fig. 7 . Parameter values are the same as those in ref. 9 . The frequency characteristics of the differential conductance depend on the thickness of the collector spacer layer adjacent to the double barrier layers 49) due to the change of the capacitance and transit time at the depletion layer, as discussed later. As shown in Fig. 7 , the maximum frequency f max up to which the differential conductance is negative is about 2 THz for the peak current density J p of 400 kA/cm 2 and the thickness of the collector spacer of 15 nm. An RTD with a large J p has a large negative differential conductance and a high f max . For J p ¼ 600 kA/ cm 2 and the spacer thickness of 15 nm, f max is about 2.6 THz. If the parasitic elements except C d and R c are neglected, f max is approximated as 22) 
Oscillation condition
The stationary condition of the oscillation is that the admittance between any two points of the equivalent circuit shown in Fig. 6 is equal to 0. For port 1-1 0 , this condition is written as
where Y is the admittance of the right-hand side of port 1-1 0 , which is equal to the admittance Y a of the antenna if the parasitic elements are neglected. Separating eq. (12) into real and imaginary parts, and using eqs. (8), (9) , and (2), the oscillation condition is expressed as
The oscillating frequency is obtained by solving eq. (13) with respect to !. The third term on the left-hand side of eq. (13) arises from the tunneling and transit delay. If the tunneling and transit delay and parasitic elements are neglected, eq. (13) reduces to ImðY a Þ þ !C 0 ¼ 0. This equation indicates that the oscillation frequency is determined by the parallel resonance circuit composed of the imaginary part of the antenna admittance and the geometrical capacitance of the RTD. The tunneling and transit delay and parasitic elements equivalently result in an increase of the capacitance, and a decrease of the oscillation frequency.
Equation (14) gives the power condition of the oscillation by which the voltage amplitude in the stationary oscillation is determined. The coefficient of ReðYÞ in the second term of the right-hand side of eq. (14) arises due to the tunneling and transit time delay. The output power is given by
where G r is the radiation conductance included in Y a . If the tunneling and transit delay and parasitic elements are neglected, eq. (15) reduces to P ¼ ð2=3bÞG r ða À G r Þ. This output power has a maximum at G r ¼ a=2. With the widths of the current and voltage of the NDR region (ÁI and ÁV) described in §3.1.1 and Fig. 1(b) , the maximum value of the output power is written as P max ¼ ð3=16ÞÁIÁV.
24)
Comparison with measurement
Oscillation characteristics are theoretically analyzed using eqs. (13)-(15) for the structure shown in Fig. 2 . The admittance Y a of the antenna including radiation and conduction losses is calculated using a three-dimensional electromagnetic simulator (Ansoft HFSS), and the parameter values of the RTD are the same as those in ref. 9 . The calculated frequency of the fundamental oscillation is shown in Fig. 8 as a function of the RTD size (the length of the side of the square mesa) for different antenna lengths. Measured results are also shown. Good agreement was obtained between calculation and measurement. The oscillation frequency increases with decreasing RTD size due to the reduction of the capacitance. The left edges of the calculated curves indicate the upper limits of the oscillation frequency for the given antenna lengths, at which the negative differential conductance of the RTD cannot compensate the loss of the antenna. Based on this result of the comparison, fundamental oscillation up to about 1.1 THz is expected in the structure shown in Fig. 2. 
Improved structures
The oscillation frequency limit shown in Fig. 8 can be increased by the improvement of the RTD and antenna structures. For RTDs, the reduction of the capacitance is the main improvement. A small area is a straightforward way of achieving this purpose. However, a large current density is required at the same time to maintain the negative differential conductance to satisfy the oscillation condition. Optimization of the thickness of the collector spacer layer is another method, which is discussed later in some detail. For the antenna, the oscillation frequency increases with the reduction of the antenna length. However, this results in a reduction of the radiation conductance, and thus, the output power decreases at the same time. By employing stub reflectors at the antenna edges (inset of Fig. 9 ) instead of the large-area reflectors in Fig. 2(a) , in-plane power leakage from the antenna edges is suppressed, and the output power reduction is improved. Improvement of the impedance matching between the RTD and the antenna is another possible method. As one example of such a method, offset feeding is discussed later. Improvement of the directivity of the antenna is also effective for high-power operation, although structures other than a slot may be necessary. Figure 9 shows the theoretically calculated output power as a function of the fundamental oscillation frequency for some improved structures. The oscillation frequency is varied with the antenna length. The stub structure discussed above is assumed for the antenna, and different peak current densities and thicknesses of the collector spacer layer are assumed for the RTD. The length of the stub is assumed to be ð 0 =n e Þ=4, where 0 is the wavelength in vacuum, n e is the equivalent refractive index of the interface between the air and the substrate, given by ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð" r þ 1Þ=2 p for a substrate with the relative dielectric constant " r . As shown in Fig. 9 , fundamental oscillation up to 2.3 THz and an output power of 60 mW at 1 THz are expected for a large peak current density, optimized area and spacer thickness, and the stub structure of the antenna. A current density of this level is possible using a suitable layer design of the RTD. 31) The maximum output power ð3=16ÞÁIÁV discussed in §3.1.4 is calculated to be 300 mW for the device with the peak current density of 600 kA/cm 2 and the area of 0.9 mm 2 . The output powers shown in Fig. 9 are much lower than this value due to impedance mismatching between the antenna and the RTD as well as the loss of the antenna except that at the radiation conductance. This result implies that higher power is expected if the antenna structure can be improved.
INVITED REVIEW PAPER
Among the improved structures discussed above, the preliminary results of calculations and experiments are shown here in some detail for the optimization of the collector spacer thickness of the RTD and the offset feeding structure of the antenna. Figure 10 shows the theoretically calculated (a) oscillation frequency and (b) output power as a function of the thickness of the collector spacer layer. With increasing thickness, the oscillation frequency increases due to the reduction of the geometrical capacitance in the low-frequency side, while it saturates and decreases in the high-frequency side due to the tunneling and transit times discussed in §3.1.2 and §3.1.4. The output power in Fig. 10(b) is larger for a high frequency, because the radiation conductance of the antenna with a fixed length increases with frequency.
A preliminary experiment is shown in Fig. 11 . Because the effect of tunneling and transit times is small in the frequency range in Fig. 11 , the oscillation frequency increases with spacer thickness, in reasonable agreement with the calculation. Discussion of the change of the output
Oscillation Frequency (THz) power is impossible at present because a unified alignment of the measurement setup for all the samples was difficult. If the thicknesses of the emitter and collector spacers are different, oscillation frequency is dependent on the bias direction. This was observed in a sample with emitter and collector spacers of 5 and 30 nm, respectively, in which the oscillation frequencies were 340 and 390 GHz for different bias directions. 49 ) Figure 12 shows the theoretically calculated changes in output power and oscillation frequency with the offset of the RTD position from the center.
32) The offset is expressed in terms of the parameter defined as s=ðl=2Þ, where s is the RTD position measured from the center and l is the antenna length, as shown in the inset of the figure. The reflector at the antenna edge is not the stub structure discussed above but the large-area structure shown in Fig. 2(a) . The oscillation frequency and output power increase with the offset for a fixed antenna length. The short and long parts of the slot as viewed from the point at RTD dominantly determine the frequency and output power, respectively. 32) Figure 13 shows a preliminary experiment on the frequency change with the offset.
33) The frequency increase with the offset was in good agreement with calculations. The change in the output power with the offset was not clearly observed, probably due to the small change predicted by the theory as well as the difficulty of achieving a unified alignment of the measurement setup for all the samples.
Voltage-Controlled Oscillation
THz sources with variable frequency are useful in various applications. We found that the frequency of the RTD oscillators changes with bias voltage. Figure 14 shows examples of measured results of the oscillation frequency as a function of bias voltage. 34, 35) A frequency change of 18 GHz (3.8% of the oscillation frequency) was obtained for the fundamental oscillation with the central frequency of 470 GHz in Fig. 14(a) , and a change of 60 GHz (6%) was obtained for the harmonic oscillation with the central frequency of 1 THz in Fig. 14(b) . These characteristics are useful for the stabilization and precise control of the oscillation frequency.
The measured frequency change is attributed to the change in the capacitance C rtd in eq. (9), which results from the effect of tunneling and transit times in RTD. 36) Because the tunneling time rtd changes with the bias voltage, C rtd changes through eq. (9) [or eq. (10) for low frequency oscillations], and as a result, oscillation frequency changes with bias voltage. The dependence of oscillation frequency on rtd is also expressed explicitly in the oscillation condition in eq. (13) . The geometrical capacitance C 0 in eq. (8) than that of C rtd , 26, 28) and insufficient to explain the observed frequency change. A theoretical calculation, in which rtd at the center of the NDR was estimated from the measurement and its bias dependence was approximately analyzed using the coherent tunneling model, was in reasonable agreement with the measurement. 36) By reducing the geometrical capacitance, the proportion of the capacitance due to tunneling time increases, and a large frequency change is expected. A further increase of the frequency change is possible by the integration of the varactors in which capacitance changes markedly with bias voltage. The possibility of integrating of other devices is an advantage of electronic oscillators with planar circuits.
Coherent Power Combining
For applications requiring high output power, power combining using an array structure is an effective method. [37] [38] [39] [40] [41] [42] [43] The first trial of an RTD oscillator array was reported in ref. 8 . To obtain a combined high output power in the array configuration, all of the array elements are required to coherently oscillate with the same frequency. This condition can be satisfied by utilizing mutual injection locking between the elements. Figure 15 shows the observation of mutual injection locking between two RTD oscillators placed on a hemispherical Si lens. 37) In the individual operation, the two oscillators have different frequencies, as shown in Fig. 15(a) . In the simultaneous operation, however, these oscillators are locked to a single frequency, as shown in Fig. 15(b) . This is due to the locking of the two oscillators to each other through the mutual injection of their powers partially reflected at the lens surface. The locking between two oscillators coupled through a planar circuit has also been observed, 38) as shown in Fig. 16 . Coupling through the planar circuit has the advantage of design flexibility. Two oscillators are coupled with each other through a crankshaped slot at the antenna edges, as shown in the inset of Fig. 16 . They oscillate with a frequency difference of 2 GHz in the individual oscillation [ Fig. 16(a) ], but are locked to a single frequency in the simultaneous operation [ Fig. 16(b) ].
The mutual injection locking is analyzed using the coupled van der Pol equation. 37, 44) Using the equivalent circuit shown in Fig. 17 , where the antennas and the coupling part are expressed as an admittance matrix, the locking range is obtained as 44) which the even mode is stable and suppresses the odd mode. The results shown in Fig. 16 are presumably within this region, and thus the single spectrum in Fig. 16(b) is identified as the even mode. A small peak identified as the odd mode is also observed in addition to the even mode for a large difference between the individual frequencies.
38)
The combined output power of the even mode is larger than the sum of those of the two oscillators, 37, 44) because the output power is proportional to the square of the sum of the amplitudes with nearly the same phase. In particular, if two oscillators have the same oscillation frequency and output power in the free running condition, the combined power is nearly 4 times that of a single oscillator. The antenna directivity also increases due to the array configuration in the forward direction. The observed combined power in Fig. 16 is slightly larger than the sum of those in the individual oscillations, probably due to these effects.
The theoretical analysis of the two coupled oscillators mentioned above is extended to a multielement oscillator array.
44) The locking range is expressed in terms of the maximum frequency difference between the elements and depends on Reðy 12 Þ, similarly to the two-element case. The fundamental mode of the supermodes, in which all the amplitudes of the oscillator elements have nearly the same phase, is more stable than the higher-order modes for an array with larger Reðy 12 Þ and smaller Imðy 12 Þ. The combined output power of an N-element array in the fundamental mode is approximately proportional to N 2 if the frequency distribution width of the individual oscillation is much smaller than the locking range, but its rate of growth decreases from N 2 with increasing distribution width. With the improved oscillators discussed in §3.3, a combined output of more than 1 mW is expected at 1 THz in arrays with more than roughly five elements.
Conclusions
The experiment and theory of sub-THz and THz oscillators with RTDs integrated on planar circuits were described. Fundamental oscillation up to 0.65 THz and harmonic oscillation up to 1.02 THz were obtained at room temperature in our recent study. The theoretical analysis was in good agreement with the measured results, and fundamental oscillation of up to 2.3 THz and an output power of 60 mW at 1 THz are theoretically expected by improving the structures of the RTD and antenna. Voltage-controlled oscillation, which is useful for the precise control of frequency, and coherent power combining in an array configuration to achieve high output power were also described. Based on these results, we believe that the RTD is a possible candidate for compact and coherent THz sources. The noise characteristics and spectral linewidth of RTD oscillators have not yet been discussed theoretically or experimentally, although shot noise characteristics have been reported in some studies. [45] [46] [47] [48] 
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